Introduction
Sevelamer carbonate is a nonabsorbed, metal-free phosphate-binding polymer that effectively controls serum phosphorus levels in adherent patients with chronic kidney disease (CKD). [1] [2] [3] Sevelamer is indicated in the United States and European Union for the control of hyperphosphatemia in dialysis patients; in Europe, it is also indicated for predialysis patients with serum phosphorus levels higher than 1.78 mmol/L (5.5 mg/dL). Nonadherence to phosphate binders, including sevelamer carbonate, is very common because of multiple factors, including dose frequency, resulting in a continued need for better phosphate control in the dialysis population. 4, 5 Sevelamer's in vitro phosphate binding capacity in noncompetitive tests markedly exceeds its in vivo phosphate binding capacity in animals, 6 healthy volunteers in the firstin-humans sevelamer study, 7 or patients with end-stage renal disease (ESRD). 8 One hypothesis to explain this discordance is that noncompetitive in vitro assays have no organic anions present, whereas in the human gastrointestinal tract, organic anions (eg, bile acids and fatty acids) may diminish phosphate binding by competing for phosphate-binding sites. The search for more potent phosphate binding polymers to improve therapy of hyperphosphatemic dialysis patients thus requires better simulation of physiologic conditions. We developed an in vitro competitive phosphate binding assay in which binding of phosphate by sevelamer carbonate was greatly reduced to levels more in line with those observed clinically. 7 Results from this assay were used to identify a new binder, Genz-644470, with potential for improved potency and reduced pill burden, which is evaluated in ESRD patients in the present study.
Genz-644470 is a structurally optimized new physical form of sevelamer carbonate that was designed to bind phosphate more selectively. The physical form comprises large aggregates of smaller particles that help deter the entry of large competing ions into the interior of the particles while allowing access by phosphate. Sevelamer carbonate and Genz-644470 showed an equivalent ability to bind phosphate in the noncompetitive binding assay without bile acids or fatty acids present. In the competitive phosphate binding assay, however, Genz-644470 bound 1.5 to 3 times as much phosphate in the anticipated, physiologically relevant binding time of 60-120 minutes compared with sevelamer carbonate (Figure 1 ; Sanofi, data on file, 2007). On the basis of these results, we hypothesized that the optimized binding characteristics of Genz-644470 would lead to an increase in potency compared with sevelamer carbonate with regard to lowering serum phosphorus levels in dialysis patients.
This clinical study evaluated the efficacy of three clinically relevant fixed doses of Genz-644470 and the same fixed doses of sevelamer carbonate compared with placebo in CKD patients on hemodialysis. The primary objective was to compare Genz-644470 with placebo with regard to efficacy in serum phosphorus reduction, safety, and tolerability. Secondary objectives compared Genz-644470 with sevelamer carbonate regarding efficacy in reducing serum phosphorus, serum lipids (total cholesterol and low-density lipoprotein [LDL]-cholesterol), and serum calcium-phosphorus product, as well as safety and tolerability. The dose-response relationships of each agent were also examined. 
study objectives
The primary objectives were to test the hypothesis of superiority of Genz-644470 to placebo (both dosed three times daily with meals) in reducing serum phosphorus in hyperphosphatemic dialysis recipients and to compare the safety and tolerability of Genz-644470 with placebo. Secondary objectives were to compare Genz-644470 with placebo regarding the reduction of serum calcium-phosphorus product and serum lipids (total and LDL-cholesterol); to compare the relative potencies of Genz-644470 and sevelamer carbonate for reduction of serum phosphorus, serum lipids, and serum calcium-phosphorus product; and to compare the safety and tolerability of Genz-644470 with that of sevelamer carbonate.
The dose responses of both Genz-644470 and sevelamer carbonate were also examined to compare effects of the three fixed doses of each agent on serum phosphorus and LDL-cholesterol.
study design
This was a multicenter, randomized, double-blind, doseranging study. After a 2-week phosphate binder washout, patients were randomized (stratified by serum phosphorus levels $7.0 mg/dL and ,7.0 mg/dL) to one of seven fixeddose treatment groups: placebo tablets (three times a day with meals), Genz-644470 tablets 2.4 g/day (0.8 g three times a day with meals), Genz-644470 tablets 4.8 g/day (1.6 g three times a day with meals), Genz-644470 tablets 7.2 g/day (2.4 g three times a day with meals), Sevelamer carbonate tablets 2.4 g/day (0.8 g three times a day with meals), Sevelamer carbonate tablets 4.8 g/day (1.6 g three times a day with meals), and Sevelamer carbonate tablets 7.2 g/day (2.4 g three times a day with meals).
Patients continued into the treatment period and maintained this fixed dose for 3 weeks. During the treatment period, patients continued with their three times per week dialysis schedule. Samples for laboratory measurements were collected before dialysis. For patients on a MondayWednesday-Friday hemodialysis schedule, blood sampling took place on either a Wednesday or a Friday. For patients on a Tuesday-Thursday-Saturday schedule, blood sampling took place on either a Thursday or Saturday. Precedent exists for brief study designs (or per agent crossover treatment periods) of a few weeks in phosphate binder studies 2, 9 especially in Phase II 10 or dose-ranging designs. In addition, the majority of the phosphate-binding effect by a given dose of sevelamer hydrochloride, 11 sevelamer carbonate, 2,12 and other agents 13 has been observed to occur within 1 week, with a smaller, incremental effect observed at 2 weeks. A steady-state effect has been observed at 3 weeks, using lanthanum. 14 
Efficacy and tolerability analyses
The primary efficacy analysis was a comparison of the change in serum phosphorus from baseline to end of treatment or early termination (day 22/ET) between the Genz-644470 treatment groups and placebo, using Wilcoxon rank sum tests. Type 1 error rate was contained at 5% by using a sequential closed testing procedure.
Other efficacy analyses included a comparison of the change from baseline to day 22/ET between the Genz-644470 
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Moustafa et al treatment groups and placebo with regard to LDL-cholesterol, total cholesterol, and serum calcium (albumin-adjusted)-phosphorus product. In addition, a comparison of the change from baseline, to day 22/ET between Genz-644470 and sevelamer carbonate at each dose was conducted with regard to serum phosphorus, LDL-cholesterol, total cholesterol, and serum calcium (albumin-adjusted)-phosphorus product. All of these efficacy parameters were compared using Wilcoxon rank sum tests. The sevelamer carbonate groups were used as an active control in this study, and the mean difference and 95% confidence interval between sevelamer carbonate and placebo were reported for each dose level. Dose-response relationships within each agent were observed graphically and descriptively.
Percentage adherence to study drug and median treatment duration were summarized by treatment group. Percentage adherence was calculated as the number of tablets taken divided by the total number of tablets prescribed, multiplied by 100. Tolerability was evaluated on the basis of adverse events (reported or observed) and changes in laboratory values. Corrected (albumin-adjusted) serum calcium and iPTH were measured as part of routine serum chemistry analysis.
The full analysis set (FAS) population included all patients with a baseline phosphorus measure and at least one postbaseline phosphorus measure 3 or fewer days after the date of the last study drug. Efficacy analyses were conducted using the FAS. Tolerability was assessed in all patients who received at least one dose of the randomized study drug (safety set).
The sample size was planned with respect to the primary efficacy parameter of the study, change from baseline to day 22/ET in serum phosphorus. A total of 266 evaluable patients (38 patients per dose group) were required to achieve 80% power based on a two-group Student's t-test with a two-sided 5% type 1 error rate to detect a 1.00 mg/dL difference in change from baseline between placebo and Genz-644470, assuming a standard deviation of 1.52 mg/dL. Approximately 315 patients (45 per dose group) were to be randomized to allow for withdrawals.
Results Patients
Three hundred forty-nine hemodialysis patients were randomized in the study, and 93% completed this study ( Figure 2) . Overall, the demographics and baseline characteristics of the patients were similar between treatment groups (Table 1) .
Medication adherence and treatment duration
Treatment adherence was generally well balanced between treatment groups. During the randomized treatment period, mean percentage adherence in the safety set and the FAS was 90%. The median duration of treatment was 22.0 days for all groups.
Efficacy
Dose-dependent reductions in mean serum phosphorus from baseline to day 22/ET were seen with both Genz-644470 (−0.58, −1.22, and −1.78 mg/dL for 2.4, 4.8, and 7.2 g/day, respectively) and sevelamer carbonate (−0.89, −1.29, and −2.03 mg/dL for 2.4, 4.8, and 7.2 g/day, respectively); no change in serum phosphorus was seen in the placebo group ( Figure 3) . The change from baseline to day 22/ET in each Genz-644470 and sevelamer carbonate fixed-dose group was significant (all P-values ,0.05). Placebo-adjusted mean differences (95% confidence interval) for change from baseline to day 22/ET in serum phosphorus in the 2.4, 4.8, and 7.2 g/day Genz-644470 groups, respectively, were −0.57 (−1.13 to 0.00), −1.21 (−1.80 to −0.61), and −1.76 (−2.42 to −1.10), and in the 2.4, 4.8, and 7.2 g/day sevelamer carbonate groups, they were −0.87 (−1.49 to −0.25), −1.27 (−1.92 to −0.63), and −2.01 (−2.56 to −1.46), respectively. The mean decrease in serum phosphorus from baseline to day 22/ET was significantly greater for all three of the Genz-644470 dose groups compared with the placebo group (Wilcoxon rank sum tests, all P-values ,0.05). The dose-response relationships of sevelamer carbonate and Genz-644470 for serum phosphate lowering at day 22 appeared roughly linear over the dose-range evaluated (Figure 3 ).
Serum phosphorus increased similarly for all treatment groups during the washout period (range of baseline values postwashout, 7.28-7.71 mg/dL; of note, the 7.2 g/day groups for both agents had slightly higher baseline phosphorus than the other dose groups or placebo group). Serum phosphorus reduction was greatest during the first week of active treatment and reached a plateau value by the second or third week of measurements. The dose-response curves over time for sevelamer carbonate and Genz-644470 were almost symmetrical, with comparable reductions in serum phosphorus at each point for each fixed dose. Change from baseline in serum phosphorus is presented by treatment group in Figure 4 . Serum phosphate was rapidly lowered between baseline and day 8; maximal phosphate lowering occurred by day 15 for the highest dose of each agent and by day 22 for all dose groups.
Each dose of Genz-644470 and the 4.8 and 7.2 g/day doses of sevelamer carbonate significantly reduced LDLcholesterol from baseline to day 22/ET (all Genz-644470 P-values ,0.05; 95% confidence interval for 4.8 and 7.2 g/day doses of sevelamer carbonate did not cross zero). Placebo-adjusted mean differences (95% confidence interval) in change from baseline to day 22/ET in LDL-cholesterol were −14.1 mg/dL (−21.8 to −6.4), −11.9 mg/dL (−19.5 to −4.3), and −20.6 mg/dL (−29.3 to −11.9) in the 2.4, 4.8, and 7.2 g/day Genz-644470 groups, respectively, and −6. Table 2 ).
No clinically meaningful or dose-dependent changes occurred from baseline to day 22/ET in corrected (albuminadjusted) serum calcium within or between the Genz-644470 or sevelamer groups. Serum iPTH did decrease from baseline to day 22/ET, as expected, in both treatment groups at each dose, with greater decreases seen at higher doses (Table 3) .
Results for total cholesterol and serum calcium (albuminadjusted)-phosphorus product were similar to the LDLcholesterol and serum phosphorus results, respectively (data not shown).
Tolerability
Overall tolerability was similar among the active treatment groups. Table 4 presents the treatment-related adverse events occurring in three or more patients. All treatment-related adverse events were assessed as nonserious and mild or moderate in intensity.
There were no clinically meaningful mean changes in the safety laboratory parameters or vital signs during the study between the treatment groups.
Discussion
The purpose of this clinical study was to evaluate the phosphate-binding potential of a novel phosphate-binding polymer and its ability to lower serum phosphorus in patients with CKD on hemodialysis. Genz-644470 had been developed with the goal of being a nonabsorbed, metal-free phosphate binder that was at least as safe as and more potent than sevelamer carbonate.
In vitro competitive phosphate binding assays suggested that Genz-644470 was an effective phosphate binder and was more potent, on a gram per gram basis, compared with sevelamer carbonate. This clinical trial did demonstrate that Genz-644470 effectively lowered serum phosphorus levels in hyperphosphatemic CKD patients on hemodialysis. However, the phosphate-lowering activity of Genz-644470 was not superior to sevelamer carbonate.
Several factors may have contributed to the discrepancy between the in vitro and in vivo phosphate-binding efficacy of Genz-644470 compared with that of sevelamer carbonate. In vitro studies provide a very simplified model to predict binding kinetics that may be seen in the complex and changing composition of the human gastrointestinal tract. For example, factors that may have influenced the translation of in vitro results to in vivo correlates include time-dependent changes of organic anion composition, fluid and electrolyte composition, 
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Moustafa et al changing gastrointestinal tract pH, and mechanical factors. The assumption of binding time also may have affected the predictability of the in vitro assay. Given small intestine transit and reabsorption times, it was believed that phosphate binding took place about 60-120 minutes after exposure to small intestinal tract contents. For this reason, phosphate binding at 60-120 minutes was selected for the key time in assessing phosphate binding in the competitive assay. If the actual binding time in vivo was significantly shorter than 60 minutes, the relative potency of Genz-644470 compared with sevelamer carbonate is predicted to have approached unity.
Studies in rats were conducted to further examine the phosphate-binding properties of Genz-644470 before conducting a clinical trial but were believed to be unreliable in predicting the relative potency of phosphate binders because of the time-dependent nature of phosphate binding and known differences in gastrointestinal transit times, between rats and people. This is the first fixed-dose study of sevelamer carbonate and, thus, provides useful data regarding its effect on parameters of interest, weekly during a 3-week period. In contrast, the majority of studies investigating the efficacy and safety of phosphate binders have used dose titration to achieve optimal phosphorus lowering. Also novel is this study's evaluation of the efficacy and safety of Genz-644470 in vivo in hemodialysis patients, which unexpectedly showed less difference from sevelamer carbonate than predicted from in vitro comparisons. The physiologic environment of the gastrointestinal tract is likely to influence phosphate binding capacity in vivo in contrast to in vitro studies.
In this study, the clinical benefit/risk profile of Genz-644470 was not found to be superior to that seen with sevelamer carbonate. However, this study adds to the knowledge base regarding the dose-response effect of sevelamer carbonate, which is of clinical interest. Previous explicit studies on sevelamer dose-response have generally used sevelamer hydrochloride, the first commercially available form of sevelamer, and have observed that the extent of serum phosphorus lowering and/or fecal phosphorus excretion is enhanced with increasing doses of sevelamer hydrochloride in rats 6 or healthy human volunteers. 7 A subsequent dose-titration study in ESRD patients showed that the dose required to maintain serum phosphorus within goal varied with patients' dietary phosphate intake. 8 Previous studies in ESRD patients have established the equivalence of sevelamer carbonate tablets to sevelamer hydrochloride tablets with thrice-daily dosing 1 and the ability of once-daily dosing of sevelamer carbonate powder for oral suspension to decrease serum 12 A recent Chinese study showed that dose-titration of sevelamer carbonate in patients with ESRD was well-tolerated, safe, and effective in reducing serum phosphorus over the course of 57 days of treatment. 15 The fixed-dose design of the present study allowed evaluation of the dose-response of both phosphate binders. Dose-dependent reductions in serum phosphorus were observed with greater decreases seen at higher doses of sevelamer carbonate. This study also allowed observation of the early time course of phosphorus reduction over 22 days of treatment. The vast majority of total serum phosphorus reduction per fixed dose occurred during the first week of active treatment. Previous studies of sevelamer have shown significant phosphate lowering within 1 week with small, incremental lowering at 2 weeks. 2, 11, 12 Therefore, the 3-week observation period employed in this study was considered of sufficient duration for an initial comparison of the efficacy of Genz-644470 and sevelamer carbonate in hemodialysis patients.
The tolerability of sevelamer carbonate was consistent with prior studies and the established safety profile of sevelamer. 2, 3 In summary, both Genz-644470 and sevelamer carbonate effectively lowered hemodialysis patients' serum phosphorus levels in a dose-dependent fashion, but Genz-644470 did not show an advantage in phosphorus lowering in dialysis patients compared with sevelamer carbonate, as had been demonstrated by an in vitro assay. [6] [7] [8] Author contributions MM, contributing study investigator, contributed to multiple iterations of the manuscript text. LL, FA-S, and MS are contributing study investigators. RH-F is the coinventor of Genz-644470 and designed the in vitro studies. MD is the senior director of clinical research supporting study design, data analysis, and interpretation. JH is the study statistician and supported study design, analysis, and interpretation. SG is the study medical director and supported study design, analysis, and interpretation. All authors revised the manuscript for important intellectual content and approved the final submitted version. Principal investigators (additional to the authors) and participating sites are detailed in Supplementary Table 1. 
